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Microbial biofilms are present in soils, sediments, and
natural waters. They contain bioorganic metal-complexing
functional groups and are thought to play an important
role in metal cycling in natural and contaminated
environments. In this study, the metal-complexing functional
groups present within a suspension of bacterial cell
aggregates embedded in extracellular polymeric substances
(EPS) were identified in Zn adsorption experiments
conducted at pH 6.9 with the freshwater and soil bacterium
Pseudomonas putida. The adsorption data were fit with
the van Bemmelen-Freundlich model. The molecular
speciation of Zn within the biofilm was examined with Zn
K-edge extended X-ray absorption fine structure (EXAFS)
spectroscopy. The Zn EXAFS data were analyzed by shell-
by-shell fitting and linear least-squares fitting with
reference spectra. Zinc sorption to the biofilm was attributed
to predominantly Zn-phosphoryl (85 ( 10 mol %)
complexes, with a smaller contribution to sorption from
carboxyl-type complexes (23 ( 10 mol %). The results of
this study spectroscopically confirm the importance of
phosphoryl functional groups in Zn sorption by a bacterial
biofilm at neutral pH.

Introduction
Microorganisms in aquatic environments adhere to one
another and to surfaces and interfaces (1, 2), embedding
themselves in extracellular polymeric substances (EPS) (3).
The ubiquity of this biofilm growth habit has been verified
by extensive direct observation in natural aquatic environ-
ments (1, 2). Due to greater recognition of their importance
in environmental processes, the study of biofilms has
increased dramatically in the past decade (3). However,
biofilms possess physical structure, biological complexity,
and chemical heterogeneity, all of which lead to significant
analytical challenges for researchers (3).

There is a rich body of literature describing metal sorption
from aqueous solution by bacterial cells through wet
chemistry experimentation. Often these metal sorption
studies are combined with acid-base titrations and modeling
to characterize the proton- and metal-exchanging sites on
the bacterial cell surface(s). Studies such as these indicate
that bacteria likely play an important role in metal speciation
in environmental (4, 5) and industrial settings (6). However,
modeling of metal sorption data alone does not provide a
mechanistic understanding of metal complexation by bacte-
rial surface functional groupssspectroscopic examination
is required (7). Few spectroscopic studies of metal sorption
by bacteria have been conducted. In addition, despite the
demonstrated importance of biofilms in metal sequestration,
(e.g., refs 8 and 9), little research on metal sorption by bacterial
biofilms has been conducted by wet chemistry or spectros-
copy.

X-ray absorption spectroscopy (XAS) is a useful tool for
the study of metal speciation as it provides information about
the local molecular structure of the metal of interest, in
principle providing the identity of aqueous, sorbed, and
precipitated species. Application of XAS to biofilm studies is
particularly useful because metal speciation can be deter-
mined in unprocessed samples within complex substrates
having variable or poorly defined organic and inorganic
components.

In previous work with the Pseudomonas putida strain
MnB1 culture, we studied Zn sorption and speciation in the
presence of biogenic Mn oxides (10). We found that Zn
preferentially partitions to the biogenic Mn oxide, saturating
the oxide surface sites before Zn sorption to bioorganic
material is observed. However, after Mn oxide saturation the
bioorganic functional groups present in the biofilm contribute
significantly to Zn sorption, accounting for up to 38 mol %
of Zn sorption at pH 6.9; the identity of the bioorganic Zn-
complexing functional groups was not determined in that
study.

In the present study we conducted Zn adsorption isotherm
experiments at pH 6.9 and used Zn K-edge extended X-ray
absorption fine structure (EXAFS) spectroscopy to examine
the molecular speciation of Zn sorbed to bacterial cell
aggregates of P. putida embedded in EPS. This research
provides information on the molecular speciation of Zn
within a biofilm setting and spectroscopically confirms the
importance of phosphoryl-type functional groups in Zn
complexation by bacterial biofilms at neutral pH.

Materials and Methods
Zn Adsorption Isotherm. P. putida strain MnB1 was grown
in liquid medium for 7 days at 27 ° C under rotary shaking
at 150 rpm (see ref 11 for details). The cells aggregate during
the exponential phase of growth and produce EPS during
the exponential and stationary phases of growth (12). Sample
suspensions were prepared for the adsorption isotherm
experiments with two centrifuge-and-rinse cycles (in sterile
250 mL polypropylene copolymer bottles for 30 min at 10 200
RCF) with sterile pH 7, 0.01 M NaCl solution. Microscopic
examination of cell aggregates (with biogenic Mn oxides
present in the biofilm), rinsed with 0.01 M NaCl and exposed
to Zn, reveals an EPS coating around the cell aggregates very
similar to that observed for unrinsed cell aggregates (data
not shown); this suggests that the electrolyte rinses do not
remove the EPS coating from the cell aggregates. The sample
suspensions were adjusted to pH 7.0 with additions of sterile
0.1 M NaOH and 0.1 M HCl and equilibrated overnight. The
sample suspensions were diluted gravimetrically to a density
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of 0.03 g of dry biofilm L-1 and weighed into sterile 250 mL
Teflon bottles (Nalgene) containing Teflon-coated stir bars.
Experiments were performed with undried biofilm suspen-
sions, while the amount of biosorbent per liter of suspension
was determined with a subsample of suspension by centri-
fuging, decanting the electrolyte solution, and drying at 70
°C for more than 24 h. Additions of ZnCl2 were made
gravimetrically from a stock solution (pH 4.0, 0.01 M Zn).
Controls without solids at low and high Zn concentrations
were prepared in Teflon bottles (no measurable Zn was
sorbed by these containers). The samples (nine Zn concen-
trations per experiment, with each experiment repeated three
times) were placed on magnetic stirring platforms at room
temperature (20 ( 2 °C). The pH was monitored at least four
times daily and maintained at 6.90 ( 0.15 by additions of
sterile 0.1 M NaOH or 0.1 M HCl. The solution-phase Zn
concentration was measured 48 h after the pH stabilized by
removing an aliquot of sample suspension while stir-
ring vigorously. The aliquot was filtered, acidified, and
analyzed by inductively coupled plasma-atomic emission
spectrometry (ICP-AES, IRIS Thermo Jarrell Ash). All solutions
were prepared in MQ water (MilliPore Milli-Q, 18.2
MΩ‚cm).

The Zn removed from solution by the biofilm (q, moles
of Zn per kilogram of biosorbent) was quantified with the
equation q ) ([Zn]0 - [Zn]t)[biosorbent]-1, where [Zn]0 and
[Zn]t are the solution-phase Zn concentrations at time zero
and at the sampling time (moles of Zn per liter) and
[biosorbent] is the total mass (kilograms) of biofilm in the
sample suspension per liter. After a careful examination of
alternative models (see Supporting Information), the Zn
sorption data were fit to the van Bemmelen-Freundlich
equation (13) q ) Acâ, where A is an adjustable scale factor
with appropriate units, c is the equilibrium Zn concentration
in moles of Zn per kilogram of suspension, and â is a
dimensionless adjustable heterogeneity parameter (0 < â e
1). Nonlinear least-squares fits to the Zn sorption data, q
versus c, were performed to obtain values for A and b with
standard errors. The fitting and estimation of 95% confidence
intervals was performed with S-Plus v 6.2 (Insightful Corp.)
software.

Zn K-Edge EXAFS Spectroscopy. Zinc K-edge EXAFS
spectra of experimental samples were collected at beamline
10.3.2 at the Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory (LBNL) (14). The spectra were collected
under air-dry conditions in fluorescence mode with a
7-element germanium detector. Samples from the adsorption
experiments were prepared by collecting the solid material
as a paste onto a membrane filter and wicking away the
entrained solution. Potential effects of air-drying the samples
on Zn speciation were not examined; Zn EXAFS spectra have
been collected successfully from air-dried samples in a similar
study (15). The Zn EXAFS experimental and reference spectra
[ø(k)] were processed and analyzed with SixPack software
(16). The spectra were k3-weighted and Fourier-transformed
{FT[ø(k)k3]} in the k range of 3-13 Å-1. The real and imaginary
parts of FT[ø(k)k3] were interpreted with shell-by-shell fitting
by use of phase and amplitude functions calculated with
FEFF6 (17). The quality of each structural fit was evaluated
quantitatively by the reduced chi square (øν

2) and R-factor
parameters (18). All fitted parameters [interatomic distance
R (angstroms), coordination number N, and mean-square
displacement of bond length σ2 (angstroms2)] are presented
with the estimated errors from IFEFFIT calculations (19). In
these fits to the experimental spectra, the amplitude reduction
factor (S0

2) was set to 0.9.
Linear least-squares fitting of k3-weighted experimental

EXAFS spectra with reference spectra also was conducted.
The numerical results of these linear fits estimate the
fractional contribution of each reference spectrum to the

experimental spectrum with a precision of approximately
(10% of total Zn (20), the goodness of fit being assessed by
the øν

2 parameter. The reference spectra used in this study
have been described in previous publications: (A) Zn sorbed
to Penicillium chrysogenum at pH 6 (15); (B) zinc phytate
solid (21); (C) zinc citrate dihydrate solid (22); (D) zinc acetate
dihydrate solid (15); (E) zinc phosphate tetrahydrate solid,
Zn3(PO4)2‚4H2O (21); and (F) zinc phosphate dihydrate solid,
Zn3(PO4)2‚2H2O (15).

Results and Discussion
Zn Sorption Experiment. The biofilm sorbed 0.08 ( 0.06 to
0.64 ( 0.04 mol of Zn (kg of biosorbent)-1 from solutions
having initial concentrations ranging from 4.8 to 301 µM Zn
(Table 1). Equilibrium Zn concentrations in the range of 2.8-
276 µM Zn were observed in this experiment. While these
aqueous concentrations of Zn are too large to be representa-
tive of most pristine aqueous environments, they are well
within the range of Zn concentrations encountered in
contaminated aquatic environments, 0.05-1530 µM Zn
(Table S-1 in the Supporting Information). The largest
observed Zn loadings to the P. putida biofilm in this study
were 0.64 ( 0.12 mol of Zn (kg of biosorbent)-1 in sample
Zncell8 and 0.64 ( 0.04 mol of Zn (kg of biosorbent)-1 in
sample Zncell9 (Table 1). The value of the largest observed
Zn loading falls within the range of maximum values (0.1-
2.0 mol kg-1) reported for divalent metal sorption by other
types of microbial biomass at pH 4.5-7.0 (15, 23-26).

The adsorption isotherm data obtained from our experi-
ments produced a characteristic L-curve when Zn loading to
the biofilm (q, moles of Zn per kilogram of biosorbent) was
plotted against the equilibrium Zn concentration (c, moles
of Zn per kilogram of suspension) (Figure 1). A nonlinear
least-squares fit to the adsorption data with the van Bem-
melen-Freundlich equation (13), q ) Acâ, yielded A ) 30.09
( 8.18 mol of Zn (kg of biosorbent)-1 × [mol of Zn (kg of
suspension)]-â and â ) 0.469 ( 0.030, respectively ((standard
error), with the proportion of variance explained by the fit
equal to 0.96. As there is no finite maximum value of q
parametrized in the van Bemmelen-Freundlich equation, if
Zn sorption by the biofilm has a maximum, it is greater than
1.01 mol of Zn (kg of biosorbent)-1 (see Supporting Informa-
tion). Although isotherm models do not provide mechanistic
information about Zn speciation in our samples, they are
useful for characterizing adsorption data.

Zn EXAFS Spectroscopy. The k3-weighted Zn EXAFS
spectra collected for samples with Zn loadings in the range
of 0.20 ( 0.03 to 0.64 ( 0.12 mol of Zn (kg of biosorbent) are
presented in Figure 2. These spectra are identical in phase

TABLE 1. Summary of Zn Sorption to Biofilm Dataa

Zn sorption to biofilm
(mol of Zn/kg of dry biosorbent)

Sample avg 2 std dev EXAFSb

Zncell1 0.08 0.06
Zncell2 0.13 0.09
Zncell3 0.20 0.03 yes
Zncell4 0.31 0.01 yes
Zncell5 0.42 0.10 yes
Zncell6 0.50 0.07 yes
Zncell7 0.56 0.02 yes
Zncell8 0.64 0.12 yes
Zncell9 0.64 0.04
a Dry biofilm weight (kilograms of dry biosorbent) was used to

quantify the amount of solid biosorbent in sample suspensions and to
normalize the sorption data. Sorption experiments were conducted
with undried biofilm suspension. b Zinc K-edge EXAFS spectra were
collected for samples Zncell3, Zncell4, Zncell5, Zncell6, Zncell7, and
Zncell8.
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and amplitude (within spectral noise) and indicate that, over
the range of Zn loadings studied, no significant changes in
sorbed Zn speciation occurred. Zinc loading to the biofilm
in the samples studied by EXAFS varied by a factor of 3.
However, the samples represent Zn sorption by a biofilm in
equilibrium with aqueous Zn concentrations that vary by a
factor of 10.

First-shell fits to the experimental spectra provide clear
evidence for Zn in tetrahedral coordination to O atoms: the
number of nearest neighbors (N) was equal to 4.0 ( 0.12,
and the distance between Zn and O atoms was equal to 1.97
( 0.01 Å (Table 2). A representative experimental spectrum,
Zncell7 [0.56 ( 0.02 mol of Zn (kg of biosorbent)-1], is
compared to those collected for reference materials zinc
citrate, zinc acetate, Zn-sorbed P. chrysogenum, and zinc
phytate in Figure 3a.

Citrate has three carboxyl groups per molecule, and in
the solid zinc citrate dihydrate reference material presented
here, Zn3(C6H5O7)2‚2H2O, there are two carboxyl groups per
Zn atom. In the first shell of zinc citrate, Zn is octahedrally
coordinated to O atoms with an interatomic distance of 2.04
Å (22). The difference between the local structure observed
for zinc citrate and that of the tetrahedrally coordinated Zn
in sample Zncell7 is clearly visible in the phase shift of the
zinc citrate EXAFS spectrum to lower wavenumbers (k)
relative to that of Zncell7 (Figure 3a). In zinc acetate, Zn is
in octahedral coordination to first-shell O atoms, four O atoms
from two acetate groups and two O atoms from water (27).
The spectrum collected for zinc acetate (15) is shifted to

lower k values relative to the spectrum from Zncell7 and
exhibits a very different line-shape structure for all five
oscillations displayed.

In the P. chrysogenum [0.24 mol of Zn (kg of dry
biomaterial)-1] reference material, Zn is tetrahedrally coor-
dinated to O atoms and has two overlapping Zn-P pairs at
3.06 and 3.55 Å in the second shell (15) (Table 2). The Zn-
sorbed P. chrysogenum spectrum provides a better ap-
proximation of the EXAFS spectrum of sample Zncell7 than
do zinc citrate and zinc acetate (Figure 3a). There are,
however, important differences between the spectra, par-
ticularly in the mismatches observed in the phase of the first
oscillation and the line-shape symmetry of the second
oscillation (Figure 3a). These differences are also evident in
the second and third shells of the Fourier transforms, allowing

FIGURE 1. Zinc sorption to biofilm data ([) is plotted with the
nonlinear least-squares best fit (s) to the van Bemmelen-Freundlich
model.

FIGURE 2. Summary of Zn K-edge EXAFS spectra collected for Zn
sorbed to P. putida biofilm. Zinc loading to the biomaterial increases
from sample Zncell3 to Zncell8; see Table 1 for loadings.

TABLE 2. First-Shell Fits to Representative Experimental Zn
EXAFS Spectra Zncell3 and Zncell7a and Structural Details for
Zn-P Reference Materials

first O-shell second P-shell

sample name

Zn
loading
(mol of

Zn/kg of
biomass) RO (Å) NO σ2 (Å2) RP (Å) NP σ2 (Å2)

zinc phytate 1.98 4.0 0.006 3.12 0.9 0.008
3.60 0.6 0.012

Zn P.
chrysogenumb

0.24 1.99 2.3 0.00 3.06 0.7 0.00

3.55 1.4 0.01
Zncell3 0.20 1.97 4.0 0.007
Zncell7 0.57 1.96 4.0 0.007

a The EXAFS fit values have errors equal to or less than (0.01 Å for
RO, (0.03 Å for RP, 20% for N, and (0.003 for σ2 (Å2). Zinc phytate
EXAFS fit values are from ref 21, Zn P. chrysogenum EXAFS fit values
are from ref 15, and Zncell3 and Zncell7 EXAFS fit values are from the
present work. b In this fit ∆σ (Å) parameter was reported rather than σ2

(Å2).

FIGURE 3. Experimental Zn EXAFS data collected for sample Zncell7
(solid lines) compared to reference spectra (---): (a) zinc citrate
dihydrate (22), zinc acetate dihydrate (15), Zn sorbed Penicillium
chrysogenum (15), and zinc phytate (21); (b) inorganic zinc phosphate
compounds.
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us to rule out the presence of two Zn-P shells at 3.06 and
3.55 Å in the P. putida sample (Figure 4).

Of the reference spectra surveyed, that of zinc phytate
provided the best match to the Zncell7 spectrum (phytate is
a cyclohexane hexaphosphate molecule). We observed
improved spectral agreement in the phase of the first
oscillation when compared to Zn P. chrysogenum (Figure
3a). Although the zinc phytate spectrum exhibits asymmetry
in line shape of the second and third oscillations that is not
present in the Zncell7 spectrum, the overall similarity between
the zinc phytate and Zncell7 spectra suggests that Zn is
predominantly complexed by organic phosphoryl groups in
the unknown. In Figure 3b, the spectrum collected for sample
Zncell7 is compared to those of two inorganic zinc phosphate
compounds, Zn3(PO4)2‚4H2O and Zn3(PO4)2‚2H2O. Neither
reference spectrum provides a better match to the experi-
mental spectrum than zinc phytate. Given the similarity
between the Zncell7 and zinc phytate spectra, one and two
Zn-P shell fits were performed for spectrum Zncell7.
Although a two Zn-P shell fit was visually very good, it
produced unreasonably large σ2 values (ca. 0.03 Å2). The fit
results indicate that there may be other atomic pair shells
in the region of 2.0-3.5 R + ∆R (angstroms), and perhaps
greater structural disorder in the sample than in the zinc
phytate reference.

Due to the apparent structural complexity of sample
Zncell7, linear least-squares fits were performed with com-
binations of reference spectra, and the fit results are displayed
in Table 3. A combination of zinc phytate and zinc citrate as
component spectra representing Zn-phosphoryl and Zn-
carboxyl species, respectively, produced the best fit (Figure
5). The best-fit results were 0.85 ( 0.10 zinc phytate and 0.23
( 0.10 zinc citrate (øν

2 ) 0.15). The spectral contribution of
zinc citrate to the two-component linear fit compensated
for the asymmetry in the line shape of the second and third
oscillations of the zinc phytate EXAFS spectrum relative to
the biofilm spectrum (Figure 5a). Although the next best fit
to the data was with 86 mol % zinc phytate and 23 mol %
zinc acetate, the reduced øν

2 parameter for the zinc acetate
fit increased significantly (by 18%) over that of the zinc citrate
fit (Table 3). The similarity in the results of the two-
component zinc citrate and zinc acetate fits may result from
the ratio of Zn atoms to carboxyl groups in the reference
materials, 1:2 in both cases. On the basis of the linear least-

squares fitting, we propose that the dominant Zn species
present in Zn-sorbed P. putida samples at pH 6.9 and 0.20
mol of Zn (kg of dry biosorbent), and higher Zn loadings, is
Zn-phosphoryl groups, with a lesser contribution to Zn
sorption by carboxyl-type functional groups.

In support of our spectroscopic interpretation, many wet
chemistry and modeling studies have proposed that phos-
phoryl and carboxyl groups are important in metal com-
plexation by microbial cells (15, 23, 26, 28-30). For example,
Sarret et al. (15) examined Zn sorption to fungal cell walls
at pH 6 as a function of Zn loading (0.0076-0.22 mol of Zn
kg-1). Zinc was predominantly associated with phosphoryl
groups, and only at the highest Zn loading was a 5 mol % Zn
association with carboxyl groups identified (15). Zinc sorption
to Bacillus subtilis was best modeled as complexation to a
combination of carboxyl and phosphoryl groups; Zn-
carboxyl species were dominant at low pH, but the contri-
bution of Zn-phosphoryl species increased as the pH
approached circumneutral values (23). In another study, Zn
sorption to bacterial cells was studied as a function of pH,
and a two-site model (Zn-phosphoryl and Zn-carboxyl
species) improved greatly the fit to their experimental
sorption data over a one-site model (28).

Our EXAFS spectroscopic data do not allow us to identify
the spatial location of Zn sorption within the biofilm. For
example, we cannot distinguish Zn complexed to organic
phosphate groups inside the cell or on the cell outer
membrane from that outside the cell in the EPS. However,
we can make some assumptions about where Zn is located
on the basis of the known chemical composition of Gram-
negative outer membranes and the typical components of
lipopolysaccharides (LPS) and EPS. The outer membrane
present in Gram-negative cells is composed of a phospholipid
bilayer (Figure 6). The EPS for this culture, under these growth
conditions has not been characterized but likely contains
proteins, polysaccharides, uronic acids, nucleic acids, and
lipids (31, 32). Studies indicate that the polysaccharide
components of EPS are a possible source of metal com-
plexation by biofilms (33-35); however, our results suggest
that the phosphoryl groups of the cell outer membrane are
more important for Zn sorption at neutral pH than the
carboxyl groups of the EPS or LPS. Although U sequestration
by intracellular inorganic polyphosphates of Acidithiobacillus
ferrooxidans biofilms has been observed (36), we rule out Zn
sequestration by inorganic polyphosphates in this study
because the Zn EXAFS spectra collected for our samples are
very different from inorganic zinc phosphate reference
materials and very similar to the organic zinc phytate and
Zn P. chrysogenum reference materials (Figure 3b).

In the present study, carboxyl-type functional groups
account for about 20 mol % of Zn species within the biofilm.

FIGURE 4. Fourier transform data for sample Zncell7 and reference
materials zinc phytate and Zn sorbed to P. chrysogenum.

TABLE 3. Summary of Results for Two-Component Linear
Least-Squares Fits to the Spectrum from Sample Zncell7

zinc
phytate

zinc
acetate

zinc
citrate

Zn3(PO4)2‚
4H2O

Zn3(PO4)2‚
2H2O

zinc phytate 0.86/0.23a 0.85/0.23 0.14/0.87 0.89/0.11
zinc acetate 0.18b 0.84/0.10 0.28/0.76 0.28/0.76
zinc citrate 0.15 2.10 0.27/0.75 0.22/0.78
Zn3(PO4)2‚4H2O 0.20 0.33 0.36 0.29/0.64
Zn3(PO4)2‚2H2O 0.20 0.33 0.35 0.42

a The pairs of numbers presented in lightface type are the fitted
proportions of the reference spectra for the two-component linear least-
squares fit to the Zncell7 spectrum. The convention is x/y, where x is
the fitted proportion of the reference spectrum on the left and y is the
fitted proportion of the reference spectrum indicated in the column
heading. b The numbers in boldface type are the øν

2 values for two-
component linear least-squares fits to the spectrum from sample Zncell7
with the two reference spectra indicated.
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However, we cannot rule out a larger role for biofilm carboxyl
groups in Zn complexation in other solution pH and growth
conditions. The growth conditions used in this study (e.g.,
rich growth medium) may affect the amount and chemical
character of the EPS present in our samples. While Gram-
negative and Gram-positive bacterial cell surface chemistry
appears to be independent of growth phase and nutrient-
rich growth medium (37), bacterial EPS may be affected
significantly by growth medium.

Given the spectroscopic evidence for Zn sorption by
phosphoryl- and carboxyl-type functional groups, why does
a two-term Langmuir model seem inappropriate for our data
(see Supporting Information)? We hypothesize that this is a
discrepancy in appearance only. First, it is important to
remember that the Langmuir equation is an empirical model,
and the affinity parameters calculated with the model do not
necessarily correspond to specific sorbed species (13).
Second, while XAS is an appropriate tool for characterizing
the local atomic structure of Zn-biofilm complexes, it is
only sensitive to the local structural environment of sorbed
Zn. The consequence of using a local structure probe in a
bioorganically complex biofilm is that the third-, fourth-,
and fifth-shell atoms in the organic molecules, which may
contribute to the metal-binding properties of the molecule,
are difficult to resolve. The local structure sensitivity of XAS
may act to simplify the number and type of categories to
which Zn-complexing bioorganic functional groups can be
attributed. For example, the phosphoryl binding sites of the
biofilm likely have a number of specific molecular structures

and affinities for Zn, but all are members of the Zn-
phosphoryl complex group.

X-ray absorption spectroscopic studies of fungal cell walls
(15), Gram-positive bacteria (38), and Gram-negative bacteria
(present study) indicate that phosphoryl- and carboxyl-type
functional groups are responsible for metal complexation
by these three types of microorganisms despite the differences
in molecular structure of their exterior surfaces. These results
are consistent with studies that report very similar metal
sorption properties for Gram-negative, Gram-positive, and
mixtures of Gram-negative and -positive bacteria (26, 39).
They are also in agreement with the results of an infrared
spectroscopic study of microbial surface functional groups
that confirmed phosphoryl and carboxyl groups as those
contributing to the negative surface charge of the bacteria
studied in the pH range 4-9 (37). A universal character for
the metal-complexing functional groups of microbial surfaces
has been proposed and appears to be generally robust for
many types and combinations of bacteria (4, 26, 39). The
universality of the metal-complexation properties of bacteria
seems to break down somewhat when bacterial consortia
from contaminated environments are compared to those
from natural-uncontaminated consortia and laboratory
cultures (6). Borrok et al. (6) hypothesize that in situ selective
pressures lead to bacterial consortia with Cd binding
constants that vary by a factor of 10 and site densities that
vary by a factor of 3. Given the emerging picture of a universal
character of metal-complexing functional groups, we hy-
pothesize that our spectroscopic Zn speciation results are
generally representative of the types of metal-complexing
functional groups present in natural biofilms. Spectroscopic
examination of environmental samples is needed to confirm
our hypothesis.

The literature detailing metal complexation by bacterial
cells appears to present a fairly cohesive picture; however,
the nature of metal complexation by bacterial EPSseither
extracted or in the presence of cellssis more difficult to
summarize. Although it is clear from the literature that
bacterial EPS has significant metal-complexing capabilities,
the wide variety of study approaches and experimental
procedures (33-36), along with the variability in EPS
production and characteristics for single cultures with
different growth conditions (40, 41) as well as among different
cultures (31, 42), makes comparisons among studies difficult.
These difficulties are not unique to metal-biofilm studies
but appear to apply to biofilm studies in general (3). As an
example, eight different bacterial cultures isolated from the
same activated sludge, and grown under the same conditions
in the laboratory, exhibit different EPS compositions from
one another and from the EPS extracted from the original
activated sludge (31). The resulting number of Pb complex-

FIGURE 5. (a) Linear least-squares fit to experimental Zn EXAFS data collected for sample Zncell7, and (b) Fourier transform (magnitude
and imaginary part) for experimental and fit data. The component spectra are zinc phytate and zinc citrate. (s) Experimental data; (---)
fit to data.

FIGURE 6. Outer membrane of Gram-negative cells is a possible
source of Zn-complexing phosphoryl groups (adapted in part from
ref 43).
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ation sites in that study ranged from 421 ( 44 to 2135 ( 55
µmol (g of EPS)-1. In addition, the metal-complexing
capability of bacterial EPS is affected by prior exposure of
the bacteria to metals and the metal-resistant status of
bacteria (40). For example, Cu-resistant bacteria isolated from
Cu-contaminated soil produced EPS in response to Cu
exposure (9). The studies discussed here point to the
interdependence of EPS biochemical composition, genetics,
and environmental conditions in controlling metal com-
plexation by bacterial EPS. In the experiments presented here,
the biofilm was formed in nutrient-rich, aerobic conditions
in the absence of metal concentrations above those needed
for growth. With respect to EPS metal-complexing character,
we have examined one set of growth conditions among a
very large set of possibilities. Future research of this type
should strive to link spectroscopic evidence for metal-binding
functional groups to specific environmental conditions that
influence biofilm development and EPS characteristics.
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